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ABSTRACT A major atmospheric process, the gas-phase ozonation of terpenes
yields suites of products via a cascade of chemically activated intermediates that
ranges from primary ozonides to dioxiranes. If a similar mechanism operated in
water, as it is generally assumed, such intermediates would be deactivated within
picoseconds and, henceforth, be unable to produce carboxylic acids in micro-
seconds. Herein, we report the online electrospray mass spectrometric detection
of (Mþ 2O- Hþ) and (Mþ 3O- Hþ) carboxylates on the surface of aqueous
β-caryophyllene (C15H24, M = 204 Da) microjets exposed to a few ppmv of O3(g)
for<10 μs. Since neither species is formed on dry solventmicrojets and both incor-
porate deuterium from D2O, we infer that carboxylates ensue from the interaction
of nascent intermediates with interfacial water via heretofore unreported processes.
These interfacial events proceed much faster than those in bulk liquids saturated
with ozone.
SECTION Atmospheric, Environmental and Green Chemistry
T ropospheric organic aerosols absorb and scatter radia-tion and induce adverse health effects.1,2 After hun-dreds of studies on the sources, properties and mech-
anisms of formation of secondary organic aerosols (SOA),
which attest to their importance in atmospheric science, the
endgame of modeling SOAyields from gaseous emissions has
reached a stalemate.3-5 “Despitemuch recent progress in our
understanding of SOA formation chemistry, current “bottom-
up” models based on parametrizations of laboratory experi-
ments cannot explain the magnitude and evolution of atmo-
spheric SOA.”6Models underpredictorganic aerosolmassboth
at theboundary layerandaloft, a flaw that hasbeenascribed to
“the potential role of (missing) particle-phase reactions”.4,7
The nature and mechanism of the missing particle-phase
reactions remain, of course, a matter of conjecture.
The dominant fraction of the∼630 Tg C/year unsaturated
hydrocarbon gases released to the atmosphere consists of
biogenic terpenes.8,9 Their gas-phase processing is initiated
by reactionswith ozone, NO3, andOH radicals and is believed
to progress until products are formed that condense or dis-
solve into the bulk aerosol phase.10,11 From this perspective,
the sole function of particle-phase chemistry is to further
reduce the fugacity and thereby prevent the reemission of
condensed species. The exothermic cycloaddition of ozone to
olefins produces 1,2,3-trioxolanes (POZ*) possessingE*≈ 65
kcal mol-1 excess internal energy (Scheme 1).12-14 POZs*
largelydecompose (with reaction barriers of E2≈E5<20 kcal
mol-1)15-17 into even more excited (E*≈ 100 kcal mol-1)
carbonyls and carbonyl oxides (Scheme 1). During the ozona-
tionof endo-olefins, suchas thosepresent in the cyclic terpenes
R-pinene and β-caryophyllene (β-C),15,16 these hot inter-
mediates remain tethered and undergo further chemical
transformations that compete with collisional deactivation
under atmospheric conditions.13 The final stable products
include 1,2,4-trioxolanes (SOZ) (not shown in Scheme 1),
carbonyls, hydroperoxides, and acids. Acids are late, usually
minor species that stem from the isomerization of partially
deactivated, long-lived dioxiranes via reactions 3 and 4 (E3≈
22, E4 ≈ 26 kcal mol-1).13,16 Experiments on the ozonation
of unsaturated species in condensed phases over the course
of several seconds to a few minutes have been customarily
interpreted in terms of the preceding framework.18-24
Recent evidence, however, suggests that the ozonolysis of
terpenes in water follows different routes.25
Understanding acid formation from terpenes is crucial
because organic acids favorably nucleate26 and partition to
aerosol particles,27 potentially increasing their hygroscopi-
city.27-31 Since the combined surface area of the ∼13000
km3 of global atmospheric water dispersed as 1 μm droplets
would be equivalent to ∼105 times that of the Earth's
oceans,32 it might be surmised that adsorption of hydropho-
bic organic gases33-35 followedby their chemical transforma-
tion on airborne aqueousmicrodroplets could be a significant
gas-to-particle conversion pathway.25,36-39 Furthermore,
since vibrational energy relaxation in water is exceedingly
fast40,41 (∼103 times faster than that in 1 atm of air),42
terpene ozonation on aqueous surfaces could proceed along
different mechanisms and generate different products than
those in the gas phase.25,36,43-45
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Herein, we report the detection of carboxylic acids pro-
duced on fresh surfaces of β-C solutions exposed to gaseous
ozone for ∼10 μs.39 We chose β-C because its high reactivity
toward ozone suits pulse experiments,10 in which gas/liquid
interactions take place on the surface of aqueous microjets
continuously injected into the spraying chamberof anelectro-
spray ionization (ESI) mass spectrometer flushed with
O3(g)/N2(g) mixtures at 1 atm and 293 K (see Experimental
Methods and Figure S1 in Supporting Information, SI).36,46,47
Our study focuses on the identification of carboxylate pro-
ducts via negative ion online ESI-MS complemented by MS2
and the effects of (1) ozone partial pressure, (2) solvent com-
position, including the use of D2O, (3) the competitive in-
hibitor iodide, and (4) the OH radical scavenger tert-BuOH on
acid formation.
Figure 1A showsnegative ionESImass spectra of the anions
produced on the surface of microjets consisting of 4.4 mM β-C
solutions in acetonitrile/H2O (4:1/v:v) upon being exposed to
O3(g) for τR ≈ 10 μs. Signals arise from species generated
during τR ≈ 10 μs reaction times, which are subsequently
ejected to the gas phase and detected within 1 ms.39,48,49
Figure 1B clearly shows that signals rise with nonzero initial
slopes, as expected for primary products, although they evolve
dissimilarly at larger O3(g) concentrations.
Since ozone exposure, E= [O3(g)] τR, rather than ozone
concentration alone is what determines reactant conversion,
Δ[β-C]/[β-C] = -kR[O3(g)]  Δt = -kR  E, and, hence, the
extent of secondary reactions, our experiments actually ap-
proach the early stages of terpene ozonation in condensed
phases for the first time because the lowest ozone exposures
(E=2108 molecules cm-3 s at 1 ppmv O3(g)) are several
orders of magnitude smaller than those applied in previous
studies on the heterogeneous ozonation of unsaturated
species.18,19,21 Also notice that, at variance with previous
broad-band infrared spectroscopic studies of interfacial ozo-
nation,19-21,50 our assignments are based on mass-specific
signals that can be unequivocally ascribed to discrete anions.
Major anion species formally arise from the addition of two
(m/z=235, A-H-), three (m/z=251, B-H-) and four (m/z=
267, C-H-) O-atoms to β-C (M = 204 Da), and a minor
one at m/z = 285, D-H-, from the hydration of the latter
(Scheme 2;C,D not shown), followed by deprotonation. MS2
fragmentation patterns support the assignment ofm/z=235,
251, and 268 signals to carboxylates because all of them split
neutral CO2 (44 Da) along their lowest-energy collisionally
Figure 1. (a) Negative ion ESI mass spectra of 4.4 mM β-caryophyllene in AN/H2O (4:1/v:v) solution microjets exposed to various [O3(g)].
(b) Signal intensities of the species detected by negative ion ESI-MS on 4.4 mM β-caryophyllene in AN/H2O (4:1/v:v) solution microjets as a
function of [O3(g)].
Scheme 1. Mechanism of the Gas-Phase Ozonation of β-Caryo-
phyllene
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induced dissociation (CID) channels.51 D-H-, in contrast,
splits H2O (þC-H-), as expected from the CID of a 1,2-diol.
The epoxydation of the remaining B olefin group (C = B þ
O), a minor secondary process, followed by rapid hydrolysis
would generate the putative 1,2-diol D. The absence of a
m/z=269 signal from the hydration of theB carbonyl seems
to exclude a gem-diol structure for D-H-. The peculiar
evolution of the A-H- signal, which peaks at ∼120 ppmv
O3(g) (inset, Figure 1B), suggests a different mechanism of
formation rather than ulterior ozonation (see below). Water
is essential in these processes because (1) negligible car-
boxylate production is observed in the ozonation of β-C in
dry methanol or acetonitrile (Figure 2) and (2) both A-H-
and B-H- incorporate deuterium (IMþ16n/IMþ16n-1 = 0.27
and 0.29, respectively, vs IMþ16n/IMþ16n-1 = 0.17 in
C15H23On
-) in runs performed in acetonitrile/D2O (4:1/v:v)
(Figure 3), although none possesses readily exchangeable
protons. Furthermore, these species are neither produced
nor degraded by OH radicals because identical ESI-MS
spectra are obtained in the absence and presence of the
OH radical scavenger tert-BuOH (Figure 4).46,52,53
Iodide, which scavenges ozone at difussionally controlled
rates in bulk water, IIk(I- þ O3)aq= 1.2 109 M-1 s-1,54
shouldefficiently inhibitβ-C ozonation, IIk(β-CþO3)aq≈ IIk(β-
CþO3)g=6106M-1 s-1.10,55 This expectation is borneout
in Figure 5, which also displays the evolution of the products
of iodide ozonation, IO3
- and I3
- (see also Figure S2, SI).37
Note that in 0.2 mM iodide, both A-H- and B-H- signals
already evolve sigmoidally (i.e., with zero initial slopes) rather
than exponentially, and A-H- is quenched more effectively
than B-H- at larger [O3(g)]. In Figure 5, half of the initial
interfacial iodide concentration is consumed in 10 μs under
40 ppmv O3(g), that is, with an apparent pseudo-first-order
rate constant, Ik(I-þO3)interface=1105 s-1. As a reference,
if the (I-þO3) reaction had taken place in the bulk liquid
Scheme 2. Possible Mechanism of the Interfacial Ozonation of
Aqueous β-Caryophyllene
Figure 2. Negative ion ESI mass spectra from 4.4 mM β-caryo-
phyllene solution microjets in the presence of 37 ppmv O3(g).
Solvents: AN (green), MeOH (red), and AN/H2O (4:1/v:v, blue).
Figure 3. Negative ion ESI mass spectra from 4.4 mM β-caryo-
phyllene in AN/D2O (4:1/v:v) solution microjets in the absence/
presence of O3(g).
Figure 4. Negative ion ESI mass spectra of 4.4 mM β-caryophyl-
lene in AN/H2O (4:1/v:v) solution microjets exposed to 37 ppmv
O3(g) in the absence (blue) and in the presence of 100 mM tert-
BuOH (red).
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saturated with 40 ppmv O3(g), the corresponding pseudo-
first-order rate constant would have been Ik(I- þ O3)aq =
IIk(I-þO3)aq [O3(aq)]≈ 1.2109M-1 s-1 4 μM=4.8
103 s-1, that is, 21 times smaller than the observed Ik(I- þ
O3)interface. We estimate [O3(aq)] =4 μM in AN/H2O (4:1/v:v)
saturated with 40 ppmv O3(g) from an assumed Henry's law
constant for O3(g),H≈ 0.1M atm-1, that is,∼10 times larger
than that in neat water.56 From the initial slopes ofm/z=235
signal intensities versus [O3(g)] plots at various iodide con-
centrations (Figure 5), we infer that IIk(I- þ O3)interface/
IIk(β-Cþ O3)interface ≈ IIk(I- þ O3)aq/IIk(β-Cþ O3)aq, that is,
the ozonation of β-C at the air/liquid interface is also ∼20
times faster than that in the bulk liquid saturated with ozone.
On the basis of the preceding findings and considering that
a primary ozonide thermalized at 300 K would undergo ring
opening in a few seconds (rather than in a few μs),16 we
propose that carboxylic acids are produced in the interfacial
ozonolysis of β-C over aqueous media according to the
mechanism shown in Scheme 2. Evidently, interfacial water
does not behave as an inert collider19 but reacts with nascent,
chemically activated species. The POZ* (or its van der Waals
β-C 3 3 3O3 doorway complex)
13,35 formed in reaction 7 may
add H2O (reaction 9) to generate a hydroperoxide that yields
4-(2-(but-3-enyl)-3,3-dimethylcyclobutyl)pent-4-enoic acid (A)
via H2O2 elimination (reaction 10).
25 The alternative is a fast
water-catalyzed POZ* rearrangement,57 reaction 8, that
produces 4-(3,3-dimethyl-2-(3-oxopropyl)cyclobutyl)pent-
4-enoic acid (β-caryophyllonic acid) (B).12 Prior conversion
of POZ* into a carbonyl oxide (Criegee) biradical seems to
be excluded because such an intermediate would be prefer-
entially trapped by the nucleophiles H2O and MeOH into
R-hydroxy- and R-methoxyhydroperoxides,58 respectively.
Themolecular details of these transformations inwhichwater
acts both as reactant and catalyst remain to be elucidated. The
propensity of iodide for the air/water interface59,60 further
implies that product quenching should largely take place at
the air/water interface proper rather than in the underlying
layers. The dissimilar quenching of A-H- and B-H- by
iodide at larger ozone concentrations therefore suggests that
these species are generated at different depths in the inter-
facial region. At the intermediate water densities prevailing at
the interface, vibrational deactivation is faster than that in the
gas phase but slower than that in the bulk liquid. Reaction
9 may be an activated process that requires POZ* retain a
larger fraction of the exothermicity of reaction 7, whereas
reaction 8 does not. If that were the case, water would
preferentially react with POZ* via reaction 9 at the interface
proper but catalyze reaction 8 throughout.
Although we primarily aimed at elucidating the mecha-
nism of carboxylic acids in the ozonation of β-C on aqueous
surfaces rather than at reproducing environmental conditions
(20 ppbv < [O3(g)] < 2 ppmv),
32 the prompt detection of
A-H-, B-H-, and C-H- at [O3(g)]<1 ppmv represents
strong evidence that these acids are indeed primary products.
This finding is apparently consistent with recent kinetic
studies of the heterogeneous ozonation of surface-anchored
cycloalkenes, in which carboxylic acid formation is favored
over the (actually detected via broad-band vibrational sum
frequency generation with 10 second resolution) methyl-
containing species pathway under “ozone-limited condi-
tions” (at [O3(g)]<1 ppmv).
19,50 It is not clear why ozone
would accelerate the formation of methyl-containing moi-
eties via the unimolecular decarboxylation of a Criegee inter-
mediate proposed therein. Their observations, however, are
not strictly comparable to our results because they were made
in the absence of water and over a time scale that does not
preclude the participation of thermalized intermediates.
In the atmosphere, the net uptake of gaseous β-caryophyl-
lene by small aqueous droplets of radius R (surface-to-volume
ratio: S=3/R) would necessarily involve absorptive, AB, and
adsorptive, AD, contributions. The uptake enrichment factor
due to adsorption over exclusive absorption, EF, is given by
eq 161
EF ¼ ðABþADÞ=AB ¼ 1þK iw  S ð1Þ
where Kiw is the interface/water partition coefficient of β-
caryophyllene. Kiw can be estimated from the corresponding
octanol-water partition coefficient, Kow, according to eq 235
K iw½cm ¼ 3 10- 7Kow0:68 ð2Þ
From Kow(β-C) = 3  104,62 we obtain Kiw = 3.3  10-4 cm
and infer that EF>11 inR<1 μmdroplets. Clearly, adsorption
Figure 5. Signal intensities of the species detected by negative ion
ESI-MS on 4.4 mM β-caryophyllene in AN/H2O (4:1/v:v) solution
microjets doped with NaI as a function of [O3(g)].
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should dominate the partitioning of most hydrophobic gases
to aqueous aerosols.
Summing up, we show that adsorption alone should
enhance by more than an order of magnitude the amount
of gaseous β-caryophyllene incorporated in typical R<1 μm
aqueous aerosol droplets. We demonstrate that (1) O3(g)
collisions on the surface of β-caryophyllene aqueous solutions
generate carboxylic acids in <10 μs, (2) the interfacial ozo-
nation of β-caryophyllene on aqueous surfaces is much faster
than that predicted from equilibrium considerations and the
gas-phase rate constant k(O3 þ β-caryophyllene)gas, and
proceeds along a novel mechanism in which chemically
activated nascent species interact with water as reactant
and/or catalyst. Similar considerations should apply to the
interfacial ozonation ofmost tropospheric unsaturated hydro-
carbons. Further work along these lines is underway.
SUPPORTING INFORMATION AVAILABLE Additional data
and experimental details. This material is available free of charge
via the Internet at http://pubs.acs.org.
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